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ilhs expenee and difficulty of placing large wights Into earth orb1t.e 

and intarplspetsy traJectoriee has stinrulated the eqloitstion of errident 

cnmnnmication and telemetering techniques which minimLze the amDumt of 

mch aa 8 db while roughly doublAng the radio channel occupied, compared 

with 8 COZlVeRt%m S y S w  deSi@led to ndnlmlm k8ZlSdt- 

However, much of the iDilicated Improvement can be attained by the use of 

relatively s m a l l  mounts of feedback, i .e. ,  13 to 20 db. 

threshold were to behave in the idealized manner assumed in the analyele, 

them would be l l t t le  point in using mre than 40 db of feedback. 

Even if the 

Aesiaaing an optinnap detection pmefss, a coxparable PCM system requ3xes 
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f. IlmRommm 

mDaulatiog the local oscllhtar vith a portion of the output voitaga ifroa 

.i;hs discrlminatcsr in sucb a w e  as to  reduce the ouw voltage. 

concept vas to v t t i l l z e  feedback in t3re receiver to reduce the effective 

Q m f f e d m  

the nodirlaties at the transndtter. He colqFsred t h i ~  system w i t h  one using 

ideal llmitera anil concluded that there vas no significant (Uflerence in 

periarnanee w i t h  regard to noise et either h2gh or lo-# levele of  disturbance 

a ,  t h  we oi reedback did result in e reauction or the aietortion 

produced Qy receiver nenlinearities. 

~"Ubsequently, others pointed aut that the principal advantage of the 

use of feedback resides not In auy abiliw to irsprave receiver perfaxmmce 

&me tbe tbe8hOld (vhere, indeed, no 6 w i - t  chaage 

results), but in Its &iliQ-to reduce the signal level required to 

achferre the 

reierence to  e 1953 patent), and 

application of feedback to the FM receivers enrployed in micrarave radio 

re- ~yatenm. In both eases, threshold i q p r c w ~ t 8  were noted, though 

threshold. lbrit.8 and 1t0(~) in lm ( w i t h  a 

in 1- reported the 

the ~ O Z Y I X I I C O  data merited trere SOmevhat sketchy. Echo C O ~ C ( ~ . .  

tion satelllta expshmxt of August 1960 was another application of fee& 

back R4 wfiich demonstrated its ability to  operate at reduced signal levels. 

An equivalent qstem, dating back to 1940, waa described Rcdionov (5) 

in Igbo. 
resonant irequencY of a nafiav-baad, intermediate-frequency (I.F.)  ste(3e in 

"'iollcxr-qp tuning," it uses negative feedback to wy the 
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w i t h  the feedback En system described above, an inproved resistance to  the 

i n t e r f a  effects of noise I s  obtained by virtue of the decreased my&em 

kmdvidth. 

Ihe erpense and difficulty of plscing Zarge w e m e  into eafth OrMk 

and interplane- tra;lectorics has stinrulated the e w i t a t i o s  of efficient 

conanunicatlon and telemeterlng techntques which minimize the transmitter 

power required. Redbhcls FM appears to be such a technique which ~ l e o ~  flnd 

considerable use i n  these appllcatlms. For Inst&nce, Plerce and Ibqpfmr  (6) 

in 19% proped a satelllte commmlcation system using a modulatlaa index 

large enough t o  provide an output signal-to-noise ratio of toll qpallw 

w h l b  operatlng at a near-mininarm threshold obtained by the use of suiricient 

negative feedback. 

%e theoretical and e x p e r i E n t a l  BsBJyGes to date have considered 

only moderate aixanb of feedbads because of the stablllty probleme vhich 

appear, as in a r ~ y  feedback application. 

based on the use of feedback FMf'requently contemplate the w e  of signifi- 

cantly greater amounts of feedback. 

Eevertheless, system a d l y ~ e e  

'Ilhat such mats of feedback cennot 

be attained at present is apparently regarded 88 a practical, not a theorat- 

leal, Ilmitstia. 

Even If this supposition I s  true, It would be desirable to exanhe 

the implication of the amDMt of feedback on the other system pammeters. 

nremoraadum presents an analysis of the effect of Zeedback on an idealized 

FM receiver in which the luprmment  in the threshold performance is related 

in a simple mnner t o  the amat o f  reedback used. It is sham the& the 

amount of feedback can be regar@l as the parameter controulng a power- 
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g(t) - Jme(+!F) h(T)aT 

0 

Subatitutfng 4. (4) in 4. (I) yielde 

aa the defining relationship between tbe input f(t) and the output e(t). 

L e t  ag(t) denote the output with feedback and eo(t) the output vzthorrt 

feedback (7 = 0) .  

f(t) elirnineted between these two eqmtions, ;rieldlng 

npuation (5) can then be written once for each caSe and 

+ Br/- “pct - T) .h(T)aT = eo(t) 

0 

!&dslng the M e r  transform then gives 

or, In  term of the output power spectra, 



foregoing azlEilyBis, though SubstsntiaUy equivalent t o  that rmde 

d ~ e e  not permit its tree w e  in w e e , ( ' )  h ~ e  a earious defect 

the output power spectrum or in determining the etabillw 

charactdst lce  of the feedback locrp. 

lecting the effect of th= I.P. ~ I A f l e r  on the inetantaneous frequeng 

The deficiency arises fma q- 

Of the S I g U d  it p s e s .  effect p a  be p E Z % i C U h I ' b  S&aUe vhen 

the passbEIlld i e  @e as 1181~av as possible I n  an effort t o  reduce tha 

RmouIlt of aoise admitted to the llmtter-discriminator. 

a change in phaee and aplltude of the inetmteneoua frequency, but distor- 

tion term@ are BLao intl.oduced. 

loot only is *- 

'Ihie makes the system, in reall*, a 

I l O l l l i A e a r  feedback network, 8I1 

difficult. 

aIl&JWiS Of Which appeartr extremely 

me principal virtue of the eimplified mdysia leading to  4. (8) 

l e  that it expresses the outputs In terms of a factor which l e  perticuler4 

a Fhf s y ~ h .  collalder the ratlo, F, of the modulatiw 00 

the incoming signal to that appeariw at the intermediate frequency, l.e., 

F = = 1+@7# (9) 

where 4. (1) has been used t o  eliminate f ( t ) .  

input and optput, respectively, of the feedback wpl%iier so their ratlo 

in 4. (g), when e ( t )  is restricted to a single, steady-state sinusoid, 

is elmply the transfer function H(o),  end the feedback factor can be 

~ a v ,  e( t )  and g( t )  are the 

defined as 



F - 2olog [1+ 
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. -  

D M = -  S P 
f = *= # B 

au 
~ h e f e  P/n is the ratio of carrier power to the noise pm=r epectral den~ity 

and D ie the oafiier deviation. %e factor 3h? I s  referred to ae the FH 

bqmmmx& factor as coqered to mplltwle modulation. 

A llseizll aBmxZ?iaticm to the banduidth W occupied an FM sig;ral i o  

* 
U 
-6 2 and 3 fram stUIIl&#?rB (Ref. 7, 2 and 3). 
since these Qesatitles appear in ratio, they may be considered at 

sqp cumentent point in the receiver (prior t o  the Hmlters) w o n d  which 
no significaut noise c o n ~ b u t l o s s  are d e .  A point early in the I.F. 
w m  f m  thi6 p u p O s e e  

* .  . . .  . .  -..- _ _ _  . , 
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Carrier-to-noise ratio in 29-db 

Fig, 2-Typical FM quieting curves 
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respectively. 

If there were no other considerations, the basdwidth of the I.F. 

amplifier could S~IIIPIJ be PBlTOyed t o  the reduced 812~u~t given 

Havever, etabillty c r i t e r i a  as p a e n t l y  undemtocrd appear t o  pohibit 

4. (14). 

such CUI approach. 

forced t o  aepart from the rectangular, It can be erpected that both the 

shape of the lmpxmrent-threshold characteristic apd the csrrier-to-noiee 

ratio a t  which It occur6 will be affected. 

Coneequently, as the I.F. arqplliier characteristic l a  

Mher analysie is certainly Iic-cessary before these questlane oen be 

resolved, but it seem reaeonabls to epeculate that the sinq?llfled approach 

of narraving the I.F. bandwidth uill yield results vhich represent a ttSs0- 

retical l i m i t  to the improvement which can be obtained lw the use of feed- 

back. WI3ta -818 t0 f0 l lOl f  18 med oI1 SUCh - aSS*ia. 



= I 6  P 
2(1+ Et(p)Rl 

* 
mere is en apparent inconsistency of about 2 db between this value 

snd the 1-b threshold which might be Inferred f r o m  Figs. 2 and 3. 
choice of ths lcv-el  of csrrier-to-noise ratio at which tbe improveEnt 
threshold occurs is a subjective matter at best since a drastic c')rurne 
takes place in the character of the output nolae in I t s  vicini-. 
plua the fact that the 1041 figure derives from idea3lzed theoretical 
considerations, prohbly accormts for the difference. 
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v- 
FM with feedbock, modulation index 
increased to restore threstrol 

- 
MIF = 1.9, WIF' 5.8 8 

Conventional FM 
M ' 9 ,  b' w , ~ = 2 0 8  

FM with feedback, 
no change in 
modulation index : M = modulation index 

M,, = 9, W,, = 208:  W = signal bandwidth 

8 = baseband 
F = feedback factor 

I I I I  W +  2 ( I + M ) O  

I 

F = 9 (19db) 
Mi, = I ,  WIF a 4 6 

I I 1 I I i 
-20 -10 0 10 20  30 40 50 

Carrier -to-noise ratio in 2B-db 

Fig. 3 -Output and threshold characteristics 
for feedback FM systems 



to-noise ratio at the lmprovem%kt threshold is given bp 4. (l2) aa 116 db. 

Below the imrpmvemeat threshold th3 output signal-to-noise ratio ialls off 

rapidly; above, it increases linearly uith the carrier level. 

Applsias a feedback fsctOr of 9 (19 db) at the receiver, for emmqple, 

reduces the modulation index at the Intermediate frequency to unity a d  

the signal bambldth to  kB. l h i e  rednction Wtr, the I.F. bandwit2th 

t o  be decreased by 8 factor of 5 with a resllLting noise reduction of 7 db. 

Consequently, the threshold carrier power can also be reduced Qy the 

6- 

Uniortunately, the output signal-to-noise ratio at the new improvement 

threshold is also reduced by the 7-db factor. For some applications tUa 

could be dared ae an increased margin against dropout, but it I s  only 

obtained bJr providing degraded senrice below the original imprwenent 

threshold. 

==tan and the system is designed to  provide this servlce at the h@mmment 

threshold, then the we of feedback at the receiver aloae I s  of no real. 

value. 

modulation Index and thereby restore the original threshold output 2Qnal- 

to-noise ratio. 

Y a minimum output sigLal-to-noise ratio is stipulated for a 

From the system point of Vi=, It l e  necessary to Increase the 

For the exqple chosen, the modulation index should be increased to 
* 

17. 

a resulting signal bandvidth of 5.8B. 

The feedback reduces this t o  1.9 at the intermediate -ency, with 

C~npared to the original banhtidth 

of 2013, a cazrler power saving of 5.4 db becomes possible. llhe increased FM 

improvement permits the system to  achieve the output siglal-t+noise ratio 

of 46 db at threshold despite the reduced threshold carrier-to-noise ratio. 

* 
AB will be sham later-see Fig. 5. 



~laising the modulation index to 17 increases the bandwidth of the 

radiated 8ignt1.l' to 36B In  coatnlst with the oFiginal d u e  of 2OB. !lMa 

bandwidth increaee by a factor of 1.8 l e  the trade-off requLred to re&um 

amoulpt of feedback usad in the receiver. 
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Eq. (u) it followa tbat 

occurs. From Eq. (u) tha threshold crurfer-to-mise ratio becummm 
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substituting in 4. (l2) then f l e w  

for the threshold out-& aigns&to-aoise ratio, A plot or IQ. (~p) io 

given in Fig. 3 for threshold output eignal-to-noise ratios of iron 20 to 

30 bb for VBELaue wmta o f  feedback. In accm3an.a .. with XQ. (11)0 0 db 

iadicatee a feedbeck actor or unity (i.e.O no feedback, ea ia a c o m r e n t i d  

FM receiver )0 20 db indicates a feedback iactorO and'henm, a modulstioP- 

index reductton, of 10, etc. 

* 

Iihe mr-reduction ratio for FM systems using feedback can be obtained 

f r o m  4. (E) by vriting it at threshold ror BpstapB w i t h  and vlthout feed- 

back, then equating these to eqc-e8s correspnd3ng threshold perfomance. 

M E  f l e w  
m 

- cp =(q 
cO 

where the eubecript denote6 the feedback in decibels. 

incraaee ratio is obtained directly fkom %. (14) as 

SIB bandwidth- 

- a -  

* . _  
It is interesting: to nota tht the modulstion index of 3 employ& 5x1 

commercial FM broadcasting assures an output signnl-to-noise ratio of 39 db 
at threshold. High-fidelity reproduction of music is presumably not possible 
st lower signal-to-noise ratios, hence, the addition of feedback to a receiver 
alone would not be profitable; however, the red.uctlon of inteneodulation pro- 
dUctS(l) w Prape S i @ l % f i & m  
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which, together vfth Eye- 6, portnsys clearly the dilllinisw ret\nae from 

the w e  of large amounts of feedback. 

t.!~.reShold output signal-to-noise ratio or  t o  db has 8 

power reduction mpebillty of 8.2 db. 

lent to a modulstion-index reduction of  31.6) achieves 6.8 db of thie 

eurmtmt. Increasing the feedback factor to 40 db (a moaulstion-inder 

reduction of 100) yields only an additional. 0.8 db gcmer saving, vhile 

increaeing the cbesnel bondwidth from 2.0 to 2.2 times that of the system 

without feedback. 

For instance, a system ham a 

carrier- 

A reedbaa factor of 30 db (equ~va- 

~igures 6 and 7 shov that substantial amDunte oi carrier puwer 

are possible only in hie;h-qualit;v systems. 

of carrier power possible in law-quality systems require only slight band- 

width Increases. For example, a power saving of as rmtch SB 10 Bb l e  

possible only in 8 cystem hw.r.?i a 45431 tksshold output signal-to-noise 

ratio sad rbquims, incidentally, tripling the channel bandwi8th. ck the 

other hand, a system with a thresh3ld output signal-to-noise ratio of 20 db 

CQII achieve a 3-ab power s a w  with only a 20 per cent increase in 

Howwer ,  the modest sayings 

bandvidth. 



x r 

! 

, .  

= B  

and since its output signal-to-noise ratio la equal to the carrier-to-mise 

ratio in the channel 

* me term "carrier" Zs used loosely hre to denote tbs total radiated 
signal power. 
system, so the entire radiated siaarrl m appears as sidekana en-. 

The 6SB system considered is actually a suppessed-carrler 
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(8-W The Berftxrnrance oharacterlstlcs of PCM have been well Investigated. 

It need only be said In review that the intelligence 3n basebail B cpa %E 

samplec~ every I/= oeo at tbe transmitter  ad that these samp~.es, h a 

binary H-dig l t  syatem, are quantized to one of 2' discrete levele which 

are then each represented by unique sequencee of n binary pulses (Le., 

a-off,  mark-space, etc.). On reception of the pubes, the Wpulee seapnCa3 

are reconstructed into the saragle values fmm wbich the originaL signal I 8  

then reconstituted. 

It is apparent that tro sourccis oi' noise are present. One ie the 

error noise due to fad* reception of t5e individual binary pulses, end 

the other i s  the quantization noise prodaced kiy the graaularity of tho 

quantizing process. plough different in origin, their effecte, vhen con- 

sidered as noise interference, are not eiepificantly cllfferent and, since 

they are Independent, their mein sq;lsre va3ae;; sra s - 9  &Ced to deternilno 

the total noise. 



wed and leads, for a 8ignsloccupyinS each of the 8 qyantizaMon lemlm 

vith equal pbabi l i t iy ,  to an outgut signal-to-noise retio, 

The emor noise f a l l a  off exponentially vA%h the input carrier-to-noise 

lyZtit, eince it dqenda eolelJr on the pulse error p b a b i l l t y ,  p1 

A vell-defineb threehold ocmm at the pint where the signsl-to-noise 

ratios due to quantization and gulse errors are equal. When the ei(plal 

level 56 only 1 db above this threshold, the output eignal-to-noise ratio 

is dstermizled almost exclusively by 4. (29). !Em error probability at the 

threshold is 

* 

where B 16 the total pulse energy. SMce the pulses BrrivB at the rate or 

2KB/seo, the Carrier power of the received PCM pulse train then beccszw 

= 2 1 J B B = 2 r i R r x  (33) 



i 

8.7 db 
g.b db 

10.0 ab 

!&e ratio of carrier powers then beroanee 

~~ 

36.1 db 
k2.1 db 
48.2 db 

We normalized signal energies end output signal-to-noise ratioe at 

threshold for 6, 7 and 8-aigit PCM systems are listed below: 

6 
7 
0 

I 
. 

The nonaallzed s i g n a l  energies can be reduced by 1.4 db if weighted dU) 
is used; noncoh&rent detection inposes a 4-db penalw. 

Ae for spectral occupancy, the PM pabe train of 2liB pibes/sec can, 

in theory, occupy a bandwidth SB little as BB cps. 

hovever, will usus11y occupy mre tqjectrum, 80 this fact w i l l .  be express& 

in a PCZ4 channel-width fonnuls 

Practical eystems, 
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A 

VI. (XmXmIm 

power than 8 feedbaclr FM system using: 35 to k0 db of feedbadt. 

the power-lxm&cL&h trade-off is more favorable for the PCM system, a c h  

requires a channel only 14 to 21 thes the vidth of the baseband ccuqcmd 

with a value about twice that for the feedback FN system 

Xcmewer, 

While the computations presented here 

c o ~ s o n  of maad feedbsx PHSysteIm, 

besis fop 
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